Introduction
============

Natural enzymes, with remarkable catalytic efficiency and extraordinary substrate specificity, have attracted researchers\' enormous interest due to their important roles not only in living systems but also in biomedical diagnostics and therapeutics.[@B1] However, the intrinsic shortcomings of natural enzymes such as high cost, low stability, and difficulty of recycling have impeded their practical applications. To address these drawbacks, great efforts have been devoted to searching for natural enzymes\' alternatives called as "artificial enzymes".[@B2]-[@B5] Recently, nanomaterials with enzyme-like characteristics, called as "nanozymes", have been developed to act as promising artificial enzymes along with the remarkable achievements in the field of nanotechnology.[@B6]-[@B9] As a new type of artificial enzymes, nanozymes are advantageous over natural enzymes in several aspects such as low cost, long-term storage, and high stability. More, nanozymes are even superior to conventional artificial enzymes in their large surface area for bioconjugation, self-assembly capabilities, tunable catalytic activities, etc.[@B10]-[@B12] Therefore, intensive efforts have been devoted to developing functional nanomaterials for enzyme mimics in recent years.[@B13]-[@B27]

Among the nanozymes developed, particular interests have been focused on nanozymes with peroxidase mimicking activities due to their great promise in biomedical diagnosis, bioimaging, antibacterial agents, antibiofouling medical devices, etc.[@B28]-[@B38] Till now, lots of functional nanomaterials (e.g., carbon based, metal oxide based and metal based nanomaterials) have been explored to mimic peroxidase.[@B15], [@B17], [@B39]-[@B41] Among them, transition metal oxide nanomaterials had been extensively studied due to their excellent catalytic activities, high stability, low cost and ease of preparation.[@B6], [@B10], [@B11] For instance, Fe~3~O~4~ nanoparticles have been fabricated to mimic peroxidase for Ebola diagnosis and tumor immunostaining.[@B30], [@B42] Despite of these progresses, very little attention has been paid to developing Ni-based nanomaterials as peroxidase mimics. A recent study reported that NiO nanoparticles modified with H~2~TCPP had an intrinsic peroxidase mimicking activity. However, the catalytic activity may be mainly from the H~2~TCPP ligand rather than the NiO nanoparticle itself.[@B43] More, several seminal studies have demonstrated that the activities of nanozymes were strongly dependent on the size, composition, shape, surface ligand, and exposed facet of nanomaterials.[@B12], [@B44]-[@B49] Previous studies have also showed that the oxidation state was very important for cerium oxides\' and iron oxides\' enzyme mimicking activities.[@B50]-[@B53] However, very little information was available about the influence of nanostructured nickels\' oxidation state on their enzyme mimicking activities. Such information, if available, would help to rationally design nanozymes with high enzyme mimicking activities (including peroxidase mimicking activities).

Here, we showed that high peroxidase mimicking activity of LaNiO~3~ perovskite could be achieved by inducing the 3+ oxidation state of nickel into the perovskite lattice. To find out the effect of nickel atom\'s oxidation state on the Ni-based nanomaterials\' peroxidase mimicking activity, other Ni-based nanomaterials such as NiO and Ni nanoparticles with Ni^2+^ and Ni^0^ were also studied respectively. The peroxidase mimicking activity study revealed that the oxidation state of nickel in Ni-based nanomaterials was very important for the peroxidase mimicking activity and Ni^3+^ was superior to Ni^0^ and Ni^2+^ for the nanozymes\' catalytic activities. Specifically, the peroxidase mimicking activity of the porous LaNiO~3~ was about 58\~fold and 22\~fold higher than that of NiO and Ni nanoparticles. More, the influence of LaNiO~3~ morphology on its peroxidase-like activity was also investigated. The result showed that the peroxidase-like activities of porous LaNiO~3~ nanocubes were about 2\~fold higher than that of LaNiO~3~ nanoparticles. The latter were synthesized by a conventional sol-gel method. Finally, the porous LaNiO~3~ nanocubes with the highest peroxidase mimicking activity were employed to develop reliable diagnostic platforms for important biomolecular targets.

It has been established that bioactive small biomolecules, such as glucose and sarcosine, play critical roles in disease diagnosis.[@B54]-[@B58] For example, glucose is not only a well-known indicator for diabetes but also closely associated with ischemia stroke and even cancers.[@B59]-[@B65] Previous study also suggested that sarcosine may act as a metabolic biomarker for prostate cancer.[@B66] The oxidation of glucose and sarcosine with the corresponding oxidase produces H~2~O~2~. The produced H~2~O~2~ can catalytically oxidize peroxidase substrates with LaNiO~3~ nanocubes-based peroxidase mimics to produce colored products for signaling. Therefore, we further developed facile bioassays for glucose and sarcosine detection by combining glucose oxidase (GOx) and sarcosine oxidase (SOx) with the porous LaNiO~3~ nanocubes-based peroxidase mimics.

Materials and Methods
=====================

Chemicals and Materials
-----------------------

Nickel nitrate hexahydrate, citric acid, sucrose, and glucose were obtained from Nanjing Chemical Reagent Co., Ltd. Ethylene glycol, lactose, sodium hydroxide, hydrogen peroxide, and ammonium hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd. TMB (3,3\',5,5\'-tetramethylbenzidine), OPD (o-phenylenediamine), ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)), fructose, glycine, lanthanum nitrate hexahydrate, lanthanum oxide, Ni nanoparticles, and glucose oxidase (GOx from Aspergillus niger, \>180 units/mg) were purchased from Aladdin Chemical Reagent Co., Ltd. Polyvinyl pyrrolidone (PVP, molecular weight=58000) and sarcosine oxidase (SOx) were obtained from Sigma-Aldrich. All chemical reagents were used as received without further purification. Deionized water produced by Millipore system was used in all experiments.

Instrumentation
---------------

Powder X-ray diffraction (XRD) data were collected at room temperature on a Rigaku Ultima diffractometer by using Cu Kα radiation. The diffractometer was operated at 40 kV and 40 mA with a scan rate of 2°/minute. Transmission electron microscopy (TEM) imaging was performed on a JEOL JEM-2100 transmission electron microscope at an acceleration voltage of 200 kV. Scanning electron microscopy (SEM) imaging was performed on a Hitachi S-4800 scanning electron microscope operating at 5 kV. UV-visible absorption spectra were collected on a UV-visible spectrophotometer (TU-9100, Beijing Purkinje General Instrument Co. Ltd., China). Nitrogen adsorption-desorption isotherms were performed on Micromeritics ASAP 2020 surface area and porosity analyzer, from which the nanozymes\' surface areas were calculated with the Brunauer-Emmett-Teller (BET) method.

Synthesis of Porous LaNiO~3~ Nanocubes via a Hydrothermal Method
----------------------------------------------------------------

LaNiO~3~ nanocubes were synthesized as follows.[@B67] Briefly, the lanthanum nitrate hexahydrate (1.0 mmol), nickel nitrate hexahydrate (1.0 mmol), and glycine (4 mmol) were dissolved in 25 mL of deionized water, followed by the adding 0.3 g of PVP. After stirring for 30 min, the pH of the solution was adjusted to about 7.0 via slowly adding ammonium hydroxide. The resulting solution was transferred into a 40 mL Teflon-lined autoclave and heated at 180 °C for 24 hours. The resulting product was centrifuged and washed with deionized water and ethanol for several times, which was then dried at 60 °C for overnight. The precursor powder was finally annealed at 650 °C for 2 hours with a ramp rate of 5 °C/minute to obtain the final porous LaNiO~3~ nanocubes.

Synthesis of LaNiO~3~-H~2~ Nanocubes
------------------------------------

The LaNiO~3~-H~2~ was obtained by controlled reduction of as-prepared LaNiO~3~ porous nanocubes with H~2~ to partially form Ni^2+^ in the LaNiO~3~-H~2~ lattice. Specifically, the as-prepared LaNiO~3~ was heated to 350 °C at a ramp rate of 5 °C/minute and maintained at 350 °C for 2 hours under a forming gas of 5% H~2~ in Argon.

Synthesis of LaNiO~3~-H~2~-Air Nanocubes
----------------------------------------

To obtain the LaNiO~3~-H~2~-Air nanocubes, the as-prepared LaNiO~3~-H~2~ nanocubes were recalcined at 650 °C in the air for 2 hours with a ramp rate of 5 °C/minute.

Synthesis of LaNiO~3~ Nanoparticles via a Sol-Gel Method
--------------------------------------------------------

The LaNiO~3~ nanoparticles were synthesized via a conventional sol-gel strategy.[@B68] Briefly, lanthanum nitrate hexahydrate (1.5 mmol), nickel nitrate hexahydrate (1.5 mmol), and citric acid (12 mmol) were dissolved in 100 mL of deionized water, followed by adding 1.5 mL of ethylene glycol. Subsequently, the resulting transparent solutions were condensed at 90 °C into a gel under stirring, which were then decomposed at 180 °C for 5 hours to form solid precursors. The solid precursors were then decomposed at 400 °C for 2 hours to obtain foam-like precursors via removing the organic components. The precursors were further annealed at 700 °C for 5 hours with a ramp rate of 5 °C/minute to obtain the final LaNiO~3~ nanoparticles. The obtained LaNiO~3~ nanoparticles was denoted as LaNiO~3~-SG.

Synthesis of NiO
----------------

NiO nanoparticles were synthesized as follows.[@B69] 0.5 g of NaOH and 1.66 g of PVP were dissolved in 25 mL of deionized water and 1.45 g of nickel nitrate hexahydrate was dissolved in 10 mL of deionized water, respectively. The nickel nitrate aqueous solution was then added to the NaOH/PVP solution dropwise under stirring. The resulting solution was stirred for 3 hours to obtain the NiO precursor, followed by washing with H~2~O and ethanol for several times and drying at 60 °C overnight. Then, the precursor was annealed at 650 °C for 2 hours in air with a ramp rate of 5 °C/minute to form the final NiO nanoparticles.

Colorimetric Detection of H~2~O~2~, Glucose, and Sarcosine with the Porous LaNiO~3~ Nanocubes
---------------------------------------------------------------------------------------------

H~2~O~2~ detection was carried out as follows: (1) 20 μL of porous LaNiO~3~ nanocubes (1 mg/mL), 80 μL of TMB (10 mM), and 800 μL of NaOAc buffer (0.2 M, pH 4.5) was added into a 1.5 mL tube. (2) 100 μL of H~2~O~2~ with various concentrations was added into the above reaction solution. (3) The mixed solution was incubated for 20 min at 37 °C and then the absorption spectra were measured when keeping the solution in an ice water bath.

Glucose detection was performed as follows: (1) 100 μL of GOx (1 mg/mL) and 100 μL of glucose with different concentrations in 0.2 M phosphate buffer (pH 7.0) were incubated for 30 min at 37 °C. (2) 20 μL of porous LaNiO~3~ nanocubes (1 mg/mL), 100 μL of TMB (10 mM), and 680 μL of NaOAc buffer (0.2 M, pH 4.5) were added into the above 200 μL of glucose and GOx reaction solution. (3) The mixed solution was incubated for 20 min at 37 °C and then the absorption spectra were measured when keeping the solution in an ice water bath.

Sarcosine detection was performed as follows: (1) 100 μL of SOx (2 mg/mL) and 100 μL of sarcosine with various concentrations in 0.2 M phosphate buffer (pH 7.0) were incubated for 90 min at 37 °C. (2) 60 μL of porous LaNiO~3~ nanocubes (1 mg/mL), 100 μL of TMB (10 mM), and 640 μL of NaOAc buffer (0.2 M, pH 4.5) was added into the above 200 μL sarcosine and SOx reaction solution. (3) The mixed solution was incubated for 20 min at 45 °C and then the absorption spectra were measured when keeping the solution in an ice water bath.

Cell Assays
-----------

Hela cells were incubated in High Glucose DMEM medium with 10% fetal bovine serum (FBS) at 37 °C with the atmosphere containing 5% CO~2~. Fresh cells were subcultured into 96 wells, and 10 μg/mL lipopolysaccharides (LPS) was used to incubate with cells overnight. Then, 40 μg/mL LaNiO~3~ and 0.5 mM TMB were added into the cells. The cells solution was incubated for 10 min and the absorbance values at 652 nm were measured.

Results and Discussion
======================

Synthesis and Characterization of Porous LaNiO~3~ Nanocubes
-----------------------------------------------------------

The porous LaNiO~3~ nanocubes were obtained by annealing the nanocube-like precursors at 650 °C for 2 hours with a ramp rate of 5 °C/minute. The SEM images of nanocube-like precursors shown in Figure [1](#F1){ref-type="fig"}A and Figure [S1](#SM1){ref-type="supplementary-material"}A revealed that the precursors had smooth surfaces with the size of about 800 nm. After annealing in air at 650 °C for 2 hours, the annealed products maintained the precursors\' nanocube-like morphology. The annealed products had rough surfaces with the size about 600 nm as shown in Figure [1](#F1){ref-type="fig"}B and Figure [S1](#SM1){ref-type="supplementary-material"}B. As shown in the SEM and TEM images of Figure [1](#F1){ref-type="fig"}B and Figure [1](#F1){ref-type="fig"}C, lots of pores randomly distributed in the annealed products after annealing the precursors in air at 650 °C for 2 hours. The high-resolution TEM images of the porous LaNiO~3~ nanocubes showed in Figure [S1](#SM1){ref-type="supplementary-material"}D suggested that the annealed products were polycrystalline. As shown in Figure [1](#F1){ref-type="fig"}D, the distance of the adjacent fringes was 0.271 nm, which was corresponded to the lattice spacing of the (110) plane of LaNiO~3~ perovskite. X-ray diffraction patterns confirmed that the annealed products had a perovskite structure with high phase purity, as seen in Figure [1](#F1){ref-type="fig"}E. This result suggested that nanocube-like precursors were completely transformed into porous LaNiO~3~ perovskite oxide after annealing in air at 650 °C for 2 hours.

Evaluation of Peroxidase Mimicking Activity of Porous LaNiO~3~ Nanocubes
------------------------------------------------------------------------

After establishing the successful fabrication of the porous LaNiO~3~ nanocubes, the peroxidase-like activity of the nanocubes was investigated. To evaluate the peroxidase mimicking activity of the porous LaNiO~3~ nanocubes, TMB was selected as the catalytic substrate because it was a typical chromogenic substrate for peroxidase. The oxidation of TMB generated the oxidized product (i.e., TMBox) with characteristic absorption peaks at 370 nm and 652 nm. As seen in Figure [2](#F2){ref-type="fig"}, the porous LaNiO~3~ nanocubes along with H~2~O~2~ and TMB incubated at room temperature for 10 min showed a deep blue color with strong absorbance at 370 nm and 652 nm. However, the other control experiments suggested that the solution contained TMB alone or H~2~O~2~ and TMB showed negligible color change. Note, the LaNiO~3~ and TMB system also showed a slight color change, which was probably due to the oxidase mimicking activity of LaNiO~3~ nanocubes. To further confirm the peroxidase-like activity of porous LaNiO~3~ nanocubes, the colorimetric experiments were also performed with the other two typical peroxidase substrates (i.e., OPD and ABTS). As confirmed in Figure [S2](#SM1){ref-type="supplementary-material"}, all three peroxidase substrates showed deep color changes with strong absorbance, which were attributed to the catalytic oxidation of the substrates with the porous LaNiO~3~ nanocubes in the presence of H~2~O~2~. These results confirmed that the porous LaNiO~3~ nanocubes possessed peroxidase-like activity.

The activity of nature enzymes is dependent on substrate concentrations and reaction conditions. Similar with the nature enzymes, the influence of H~2~O~2~ concentrations, catalyst concentrations, temperature, and pH on the peroxidase-like activity of the porous LaNiO~3~ nanocubes was investigated. As seen in Figure [3](#F3){ref-type="fig"}A, the reaction rate increased with the increase of H~2~O~2~ concentrations, indicating that the peroxidase-like activity of porous LaNiO~3~ nanocubes was dependent on the H~2~O~2~ concentrations. The effect of catalyst concentrations was also evaluated by monitoring the time-dependent absorption spectra under various catalyst concentrations. The reaction rate dramatically increased with the increase of catalyst concentrations, demonstrating that the peroxidase-like activity of porous LaNiO~3~ nanocubes was dependent on the catalyst concentrations. More, the pH and temperature-dependent peroxidase-like activity were also investigated. As shown in Figure [3](#F3){ref-type="fig"}C, the peroxidase-like activity of porous LaNiO~3~ nanocubes was gradually increased in the pH range from 1 to 4.5, while the peroxidase-like activity was gradually decreased in the pH range from 4.5 to 10. The effect of temperature on the peroxidase-like activity of LaNiO~3~ nanocubes was evaluated in the range from 20 °C to 60 °C. The peroxidase-like activity was confirmed to be the optimal at 55 °C. In a word, the peroxidase-like activity of porous LaNiO~3~ nanocubes was dependent on the pH and temperature and the optimized pH and temperature were 4.5 and 55 °C, respectively.

To investigate the catalytic mechanism and quantify the peroxidase-like activity of porous LaNiO~3~ nanocubes, the apparent steady-state kinetic parameters for the oxidation of TMB and H~2~O~2~ were determined. The kinetic data were obtained by varying the concentration of one substrate of H~2~O~2~ or TMB while keeping the other\'s concentration constant. In the suitable concentration range of H~2~O~2~ and TMB, typical Michaelis-Menten curves were obtained (Figure [4](#F4){ref-type="fig"}). The important enzyme kinetic parameters of maximum initial velocity (*V*~max~) and Michaelis-Menten constant (*K*~m~) were obtained using the Lineweaver-Burk plot. *K*~m~ value showed the affinity of an enzymatic catalyst to its substrate, where the lower *K*~m~ value represented the higher affinity. *V*~max~ and *K*~m~ values of porous LaNiO~3~ nanocubes, HRP, Pd-Ir cubes, graphene oxide (GO-COOH) and Fe~3~O~4~ were listed in Table [S1](#SM1){ref-type="supplementary-material"}. As seen in Table [S1](#SM1){ref-type="supplementary-material"}, the *K*~m~value of porous LaNiO~3~ nanocubes with H~2~O~2~ as the substrate was higher when compared to HRP, suggesting that the porous LaNiO~3~nanocubes had a lower affinity with H~2~O~2~ than HRP. Low affinity between nanozymes and H~2~O~2~ is common for the nanozymes with peroxidase-like activities (such as the metal-, metal oxide-, and carbon-based nanozymes in Table [S1](#SM1){ref-type="supplementary-material"}). Interestingly, the *K*~m~value of porous LaNiO~3~ nanocubes with TMB as the substrate was lower when compared to HRP, which indicated the higher affinity between the porous LaNiO~3~nanocubes and TMB than HRP. It is noteworthy that the porous LaNiO~3~ nanocubes showed higher *V*~max~ values for both H~2~O~2~ and TMB when compared to other peroxidase-like nanozymes previously reported (Table [S1](#SM1){ref-type="supplementary-material"}). This demonstrated the excellent peroxidase mimicking activities of the currently developed LaNiO~3~ nanocubes.

Comparison of the Peroxidase-Like Activity of Porous LaNiO~3~ Nanocubes and Other Ni-based Nanomaterials
--------------------------------------------------------------------------------------------------------

We investigated the influence of oxidation state of nickel atom in the Ni-based nanomaterials on their peroxidase-like activities. The peroxidase-like activities of Ni nanoparticles, LaNiO~3~-H~2~ nanocubes, and NiO with different oxidation state of nickel atom were studied and compared with that of the porous LaNiO~3~ nanocubes. LaNiO~3~-H~2~ nanocubes were obtained by annealing the porous LaNiO~3~ nanocubes at 350 °C for 2 hours under a forming gas with 5% H~2~ in argon, which partially reduced the Ni^3+^ to Ni^2+^. The successful synthesis of these Ni-based nanomaterials was confirmed by SEM and XRD (Figures S3-S6). The nickel atom in Ni nanoparticles was in the oxidation state of Ni^0^, while the nickel atom in LaNiO~3~ was Ni^3+^ and the nickel atom in NiO was Ni^2+^. As shown in Figure [5](#F5){ref-type="fig"}A and Figure [5](#F5){ref-type="fig"}C, the porous LaNiO~3~ nanocubes with Ni^3+^ exhibited the highest peroxidase-like activity while the Ni nanoparticles with Ni^0^ and NiO with Ni^2+^ showed negligible peroxidase-like activities. Interestingly, the LaNiO~3~-H~2~ nanocubes exhibited about 71% peroxidase-like activity of LaNiO~3~ nanocubes. The peroxidase-like activity of LaNiO~3~-H~2~ nanocubes decreased when compared to LaNiO~3~ nanocubes because the Ni^3+^ was partially reduced to Ni^2+^ in LaNiO~3~-H~2~ nanocubes. These results demonstrated that the oxidation state of nickel atom was very important for the peroxidase-like activity of Ni-based nanomaterials. More, the Ni^3+^ can be an optimal oxidation state for Ni-based nanomaterials with peroxidase mimicking activity. It is noteworthy that the peroxidase-like activity of LaNiO~3~-H~2~ nanocubes can be recovered when the LaNiO~3~-H~2~ nanocubes were reoxidized at 650 °C for 2 hours under the air to form LaNiO~3~-H~2~-Air. The peroxidase-like activity of LaNiO~3~-H~2~-Air was almost the same as that of the LaNiO~3~ nanocubes. The recovered catalytic activity of LaNiO~3~-H~2~-Air was attributed to the reoxidized Ni^3+^, further confirming the importance of Ni^3+^ to the Ni-based nanomaterials\' peroxidase mimicking activities.

To study the effect of La atom on the catalytic activity of LaNiO~3~ nanocubes, the peroxidase mimicking activity of La~2~O~3~ nanoparticles with the same La^3+^ as LaNiO~3~ was investigated. As shown in Figure [S7](#SM1){ref-type="supplementary-material"}, La~2~O~3~ nanoparticles exhibited nearly negligible activity when compared with LaNiO~3~ nanocubes, suggesting that the Ni^3+^ instead of La^3+^ played the dominant role in the peroxidase mimicking activity of LaNiO~3~.

The peroxidase-like activity of LaNiO~3~-SG was also investigated and compared with that of the porous LaNiO~3~ nanocubes. The LaNiO~3~-SG was synthesized via a conventional sol-gel method to form LaNiO~3~ nanoparticles. Since the LaNiO~3~-SG and porous LaNiO~3~ nanocubes had the same 3+ oxidation state but different morphologies, it enabled us to study the morphology effect on the peroxidase-like activities of LaNiO~3~. Quantitative analysis showed that the porous LaNiO~3~ nanocubes exhibited about 2-fold higher activity when compared with LaNiO~3~-SG. The higher activity of porous LaNiO~3~ nanocubes than LaNiO~3~-SG may be attributed to the rough surfaces and rich porosity of nanocubes\' morphology.

To exclude the effect of surface area on the catalytic activity, we investigated the surface area normalized peroxidase-like activities of Ni-based nanomaterials. As shown in Figure [S8](#SM1){ref-type="supplementary-material"}A, the surface area normalized results also showed that the oxidation state of nickel atom was very important for the peroxidase-like activity of Ni-based nanomaterials. The Ni^3+^ could be an optimal oxidation state for Ni-based nanomaterials with peroxidase-like activities. As shown in Figure [S8](#SM1){ref-type="supplementary-material"}B, the LaNiO~3~ nanocubes showed a higher surface area normalized activity than LaNiO~3~-SG, suggesting that the effect of morphology on the peroxidase-like activity of nanomaterials. In conclusion, the results obtained from the surface area normalized activity was well agreed with those obtained from mass normalized activity.

Therefore, the porous LaNiO~3~ nanocubes with the highest peroxidase mimicking activity were obtained by inducing its 3+ oxidation state of nickel atom in LaNiO~3~ perovskite and optimizing the morphology of nanomaterials.

Detection of H~2~O~2~, Glucose, and Sarcosine
---------------------------------------------

On the basis of the highest intrinsic peroxidase-like activity of the porous LaNiO~3~ nanocubes, we developed colorimetric assays for H~2~O~2~, glucose, and sarcosine detection. As demonstrated above, the peroxidase-like activity of porous LaNiO~3~ nanocubes was dependent on the H~2~O~2~ concentrations, which can be used to detect H~2~O~2~ by monitoring the absorbance of TMB at 652 nm. As seen in Figure [S10](#SM1){ref-type="supplementary-material"}A and Figure [S10](#SM1){ref-type="supplementary-material"}B, the intensity of absorption peak at 652 nm increased with the increase of H~2~O~2~ concentration from 0 μM to 1000 μM. Figure [S10](#SM1){ref-type="supplementary-material"}C and Figure [S10](#SM1){ref-type="supplementary-material"}D exhibited good linearity relationships between the absorbance intensity at 652 nm and the H~2~O~2~ concentrations from 0 μM to 30 μM and 40 μM to 500 μM.

The glucose detection was then carried out by coupling cascade reactions of the glucose oxidation catalyzed by GOx and the TMB oxidation catalyzed by LaNiO~3~ nanocubes (Figure [S11](#SM1){ref-type="supplementary-material"}). First, GOx catalyzed the glucose oxidation with O~2~ to produce H~2~O~2~; then, the LaNiO~3~ nanocubes catalyzed the TMB oxidation with the *in situ* generated H~2~O~2~. Therefore, glucose could be determined by monitoring the absorbance of TMB at 652 nm. Figure [6](#F6){ref-type="fig"}A showed that the absorbance intensity exhibited a good response to glucose concentration from 2 μM to 1000 μM. A linear range from 10 μM to 50 μM and a detection limit of 8.16 μM were obtained for glucose detection. Control experiments were performed to evaluate the selectivity of the developed colorimetric assay for glucose by using other sugars such as fructose, lactose, and sucrose. As showed in Figure [6](#F6){ref-type="fig"}B, the other glucose analogues with a high concentration of 5 mM exhibited a negligible absorbance when compared with that of 1 mM glucose. This result demonstrated that the developed colorimetric assay had a good selectivity for glucose detection because of the high specificity of GOx for catalytic glucose oxidation.

To demonstrate the practical applications of the developed colorimetric assay in real samples, four serum samples from patients were used for glucose detection. As shown in Table [S3](#SM1){ref-type="supplementary-material"}, the results obtained by our colorimetric assay agreed with the results obtained by a glucose meter, validating the developed colorimetric assay for glucose detection in complicated biomedical samples.

To show the general applications of the porous LaNiO~3~ nanocubes based colorimetric assays, the sarcosine detection was also performed. By using SOx and LaNiO~3~ nanocubes catalyzed cascade reaction, the sarcosine concentration could be determined by monitoring the absorbance of TMB at 652 nm (Figure [S12](#SM1){ref-type="supplementary-material"}). As shown in Figure [S13](#SM1){ref-type="supplementary-material"}, the absorbance intensity also exhibited a good response to sarcosine concentration from 0.5 μM to 500 μM. A linear range from 0.5 μM to 20 μM and a detection limit of 0.5 μM were obtained for sarcosine detection. The selectivity of the developed colorimetric assay for sarcosine detection was evaluated by using other amino acids such as glutamic acid, histidine, aspartic acid, and lysine. As shown in Figure [S14](#SM1){ref-type="supplementary-material"}, the other amino acids with a high concentration of 5 mM exhibited a negligible absorbance while sarcosine with a concentration of 1 mM showed a high absorbance, suggesting that the developed colorimetric assay had a good selectivity for sarcosine detection.

Conclusion
==========

In conclusion, we obtained the porous LaNiO~3~ nanocubes as a peroxidase mimic by optimizing the oxidation state of nickel atom in Ni-based nanomaterials and the morphology of LaNiO~3~ perovskite oxide. For Ni-based nanomaterials, LaNiO~3~ perovskite oxide containing 3+ oxidation state showed excellent peroxidase-like activity while the Ni nanoparticles with Ni^0^ and NiO with Ni^2+^ exhibited negligible activities, confirming the importance of the oxidation state of nickel atom in Ni-based nanomaterials. More, the porous LaNiO~3~ nanocubes were more active than the LaNiO~3~ nanoparticles synthesized by a conventional sol-gel method. The porous LaNiO~3~ nanocubes followed the typical Michaeli-Menten kinetics and showed the dependence on the temperature, pH, catalyst concentration and H~2~O~2~ concentration. Based on the peroxidase-like activity of the porous LaNiO~3~ nanocubes, sensitive and selective colorimetric assays for H~2~O~2~, glucose, and sarcosine detection have been developed. The porous LaNiO~3~ nanocubes with high peroxidase-like activity exhibited promising applications in clinical diagnostics.
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![Representative SEM images of (A) the obtained nanocube-like precursors and (B) the porous LaNiO~3~ nanocubes after annealing the precursors. (C) Representative TEM images of the porous LaNiO~3~ nanocubes. (D) High-resolution TEM images of the porous LaNiO~3~ nanocubes. (E) Powder X-ray diffraction patterns of the nanocube-like precursors (black line) and the porous LaNiO~3~ nanocubes (red line). (F) Schematic of LaNiO~3~ perovskite oxide structure (La in grey, Ni in blue, and O in yellow).](thnov07p2277g001){#F1}

![The absorption spectra of different reaction systems: (a) TMB only, (b) TMB + H~2~O~2~, (c) TMB + LaNiO~3~ nanocubes, and (d) TMB + H~2~O~2~ + LaNiO~3~ nanocubes.](thnov07p2277g002){#F2}

![(A) Kinetic curves of A~652~ for monitoring the catalytic oxidation of 1 mM TMB with various concentrations of H~2~O~2~ in the presence of 10 μg/mL porous LaNiO~3~ nanocubes. (B) Kinetic curves of A~652~ for monitoring the catalytic oxidation of 1 mM TMB with various concentrations of porous LaNiO~3~ nanocubes in the presence of 10 mM H~2~O~2~. (C, D) pH and temperature-dependent peroxidase-like activities of the porous LaNiO~3~ nanocubes.](thnov07p2277g003){#F3}

![The steady-state kinetic assays of the porous LaNiO~3~ nanocubes. Plots of the velocity of the reaction versus different concentrations of TMB (A, 10 mM H~2~O~2~) or H~2~O~2~ (B, 0.8 mM TMB). Double reciprocal plots of the velocity versus varying concentration of (C) TMB and (D) H~2~O~2~.](thnov07p2277g004){#F4}

![(A, B) Kinetic curves of A~652~ for monitoring the catalytic oxidation of 1 mM TMB with 40 mM H~2~O~2~ in the presence of 10 μg/mL of (A) LaNiO~3~, LaNiO~3~-H~2~, Ni, and NiO; and (B) LaNiO~3~ and LaNiO~3~-SG. (C, D) Comparison of the peroxidase mimicking activities of (C) Ni, LaNiO~3~, LaNiO~3~-H~2~, and NiO; and (D) LaNiO~3~-SG and LaNiO~3~ nanocubes.](thnov07p2277g005){#F5}

![(A) Dependence of A~652~ for monitoring the catalytic oxidation of TMB on the concentration of glucose from 2 μM to 1 mM. The inset shows the linear calibration plot between the concentration of glucose and the absorbance at 652 nm. (B) Selectivity of glucose detection with the porous LaNiO~3~ nanocubes. Absorbance of TMB at 652 nm in the absence and presence of 5 mM fructose, 5mM lactose, 5 mM sucrose, and 1 mM glucose.](thnov07p2277g006){#F6}
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